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Advances in Man's Ability
To Measure His Environment
BY RICHARD CHARLES DOVE

"I often say that if you can measure that of which you speak, and can
express it by a number, you know something of your subject; but if
you cannot measure it, your knowledgels meagre and unsatisfactory."
Lord Kelvin (1824-19°7)
.

,

AS SUGGESTED by the above quotation,' measurement is funda~
mental to engineering. Measurements define the problem to be solved.
Measurements determine the possibility of various alternate solutions
to the· problem. And finally, measurements will ultimately indicate
whether or not the problem has been solved.
.
11tere are so many things to measure, even if we restrict ourselves
to a consideration of only the physical sciences,. that the list is overwhelming. As a result, any single investigator researching in measurement methods must restrict himself to a rather narrow field.
I have becom~ interested in finding ways to measure, and hence, to
understand, forces, pressures, accelerations, stresses and strains which
act on men and machines subjected to what might be called "ex_
tremely adverse environments." Several examples may serve to illustrate what is intended by the term "extremely adverse environments."
As one example, consider the interaction of the human skull and an
automobile dash board which often occurs during an auto wreck. We
are interested in measuring the aCGeleration of the skull, and its contents, and the stress and strain produced under this condition. Hopefully, from these measurements we can more exactly define the
problem-what is the damage potential of this extremely adverse
environment? And having defined the problem, we would design for a
less damaging condition.
As a second example, consider the pressure applied to structures
(your house or an aircraft in which you may be riding) by shock waves
which are produced by nuclear explosions. Weare interested in mea-
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suring these pressures so we may better design to withstand them.
These examples are intended to explain what is meant by measurement in an extremely adverse environment. In addition they indicate
that these measurements are important, not only to engineers, but
rather to a great many people who will benefit from the knowledge
gained.
At first glance, the areas of interest indicated by these examples
might still appear to be quite diverse; but, in fact, the problems encountered in making measurements in these various extreme environments are much the same. Specifically, what is required is a transducer,
or gage, which will function in the environment and transmit a signal
which can be related to the desired input parameter; acceleration,
force, pressure, etc.
Perhaps the best way to indicate the problems that must be solved
and hence the research that must be done, is to give a brief history of
some of our measurement methods, pointing out their limitations in
the environments of interest.
Consider the measurement of strain. Strain is the change in length
per unit of original length, € = ~L/L, produced by loading. The first
strain gages were developed in England to check theories that were
evolving and being used to design structures and machines at the beginning of the industrial revolution. They were essentially compoundlevels systems. An example of one type is shown in Figure 1. This type
of gage is large, massive, difficult to attach, and does not lend itself to
remote reading. Clearly this type of device will not adequately function in what we have defined as extremely adverse environments. However, strain gages remained essentially unchanged from 1850 until
194°·
In 1940 two researchers, working independently, successfully applied the piezoresistive* principle to make a bonded strain gage. This
type of strain gage is ~ade by bonding a fine wire or foil to the point
where strain is to be measured; it is small (typically ~ inch square
by 0.001 i~ch thick), of very small mass (less than 0.1 ounce)., and its
output is transmitted as an electrical signal which can be recorded
remo~ely. An example is shown in Figure 2.
Here at the University of New Mexico, our research has involved
j

.. The piezoresistive principle was discovered by Lord Kelvin in 1856 when he noted
that the resistance of many materials is a function of the state of strain.
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(A) WIRE GAGE

(8) SEMICONDUCTOR GAGE

figure 2 TYPES Of ELECTRIC RESISTANCE STRAIN GAGES
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FIgure 3{A)

SECTION SHOWING METHOD Of CONSTRUcnON AND LOCAnON Of GAGES

STRAIN GAGE
I
I

- - UPPER FILLET ORIGINAL RADIUS W'
REMACHINED TO 14"
~
_1

...

FIgure 3(1) PRESSURE TEST Of TH1CK·WAUED VESSEL
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FIgure" MODEL Of STRUT

some new applications of these strain gages; the most important of
which is the measurement of strain at interior points in solids.
Figure 3A shows a cross section of a thick-walled pressure vessel
proposed for use in a nuclear-powered reactor. A model of the proposed vessel was constructed in such a way that the strains could be
measured at the critical interior points, as shown in Figure 3B. As a
result of the study the vessel was redesigned to improve its reliability.
Another interesting problem in strain measurement at interior
points in a solid involves the effect of dynamic, or impact, loads. As
an example, consider the strut which supports the landing wheels on a
large jet airliner. The act of landing applies a shock load to one end
of the strut, and this effect propagates up through the strut to the air
frame. The way in which this load is distributed in the strut has been
studied using the model shown in Figure 4. Strain gages were embedded in the model on the numbered sections. By impacting on one
end, the way in which the shock was distributed could be measured.
Another interesting and important problem is the way in which
strains, produced by very rapid heating as in nuclear-reactor start-up,
are transmitted. Here at the University of New Mexico we have
studied this problem experimentally. This type of experiment is illustrated in Figure 5. When a tube is restrained and heated on one end,
an expansion wave (a swelling) propagates along the tube. After considerable effort had been expended in this research, we discovered that
the problem could be more conveniently studied by reversing, or in-
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verting, the experiment. This is illustrated in the lower portion of
Figure ,. In this case the restrained end is rapidly cooled and a contrac·
tion wave propagates along the tube. This type of research has contributed to the design of improved, and hence safer, reactors.
Another area of considerable interest is the measurement of acceleration: a=dv/ dt, i.e. acceleration (a) is the time rate of change
of velocity (v).
If you have been a careful driver, and lucky, you may know the
effect of acceleration as the slight increase in pressure on your back
when you accelerate your car away from a stop light. If you have not
been careful, or if you have been unlucky, you may know the effect of
acceleration as a cracked forehead obtained when your car was accelerated to a stop by impact with another relatively solid object.
Measurement of acceleration is a method for comparing the severity
of various loading conditions and this in turn leads to the design of
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cushioning systems which protect equipment and humans from otherwise harmfully high acceleration eqvironments.
Acceleration has proven to be very difficult fitmeasure. If we are to
use the definition of acceleration, a . dv/ dt, we must first measure
velocity as a function of time and then differentiate this record. Velocity is itself difficult to measure under adverse conditions and differentiation of experimental data leaves much to be desired. The need is for
an acceleration transducer, i.e., an accelerometer-a device that produces an electrical signal output which is relatapIe to acceleration input. Accelerometers have been available for some time but until the
mid-Nineteen Fifties they were generally unsuitable for the measurement of transient accelerations. During the Nineteen Fifties accelerometers were greatly improved by making use of the piezoelectric principle*. By 1960 they were well developed for measurement of acceleration under a wide ra*ge of conditions.
'"
Some of my own research has been in the evaluation and calibration
of piezoelectric accelerometers to measure very large transient accelerations, say greater than 10,000 g's where 1 g=32 ft/sec? Ten
thousand g's is equivalent to a velocity change from zero to 2200
miles /hr in 0.01 sec. Under these extreme conditions we have found
that many piezoelectric accelerometers are nonlinear (electrical output per unit of ~cceleration increases with acceleration level) and
that some show hysteretic effects. As a result of this type of research,
calibration procedures, accelerometer design, and piezoelectric materials have all been improved.
An understanding of how cracks propagate, or grow, when a structure is penetrated by a projectile is another important area of research
in the Mechanical Engineering Department. In this field we have
made some useful applications of the moire-fringe effect. The moire
effect is the pattern produced whenever two repetitiv~patterns
are superposed. For example, when two patterns such as the one shown
in Figure 6 are overlayed the result is the pattern shown in Figure 7.
This effect has been known for a long time and has had considerable useage for artistic and decorative applications. Indeed, the term
"moire" is from the French word for "watered," and shimmering silk
fabrics- made by the ancient Chinese by superposing two-weave patterns are called moire silks. We have used the phenomenon as a inea• The piezoelectric principle was discovered by the Curie brothers in
they noted that certain materials produce a charge when strained.
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Figure 6

LINE PAmRN

figure 7 RESULTING MOIRE PA11'ERN
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F"l8ure 8 MOIRt FRINGE PATTERN BEFORE CRACKING
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surement method by printing one line pattern on a part of interest (say
a space ship that will be cracked by meteorite penetration) and observing the part through a transparent screen on which a second line
pattern has been printed. As the part of interest undergoes shape
changes (as when a crack propagates from the penetration point) a
moire pattern is obtained. Figure 8 shows the moire pattern produced
in a plate in which a crack is just beginning to grow from the edge Of
a hole. From this pattern the state of strain over the entire plate can
be computed. In our research the cracking has been produced dynamically, and as a result observations have been made using a camera
which records the events at a rate of 10,000 pictures per second. From
research into how cracks grow, we expect to design to prevent crack
growth and hence prevent failure of -important parts because of crackmg;
I have tried to give you some indication of our research efforts-and
how they relate to the larger or overall problems of interest. I have
talked of the experimental aspects of the research, for two reasons;
first, because this is the more visual part of the research and second,
because this is my own area of interest. However, in every case the
research effort consists of both analytical and experimental work. For
example the measurement of strain at interior points was done to support analytical studies in three~imensional elasticity and shock-wave
propagation. The measurement of strains produced by rapid heating
was done to support analytical studies in thermal elasticity and the
moinS-fringe method was extended to the field of dynamic measurements to supplement theoreti~l work in crack propagation.
I would also like to point out that during this lecture I have used
the term "our research" deliberately. All of this work has been conducted with very able co-workers to whom I am greatly indebted.
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